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Tissue-resident memory T (Trm) cells provide
enhanced protection against infection at mucosal
sites. Here we found that CD4+ T cells are important
for the formation of functional lung-resident CD8+
T cells after influenza virus infection. In the absence
of CD4+ T cells, CD8+ T cells displayed reduced
expression of CD103 (Itgae), were mislocalized
away from airway epithelia, and demonstrated an
impaired ability to recruit CD8+ T cells to the lung air-
ways upon heterosubtypic challenge. CD4+ T cell-
derived interferon-g was necessary for generating
lung-resident CD103+ CD8+ Trm cells. Furthermore,
expression of the transcription factor T-bet was
increased in ‘‘unhelped’’ lung Trm cells, and
a reduction in T-bet rescued CD103 expression in
the absence of CD4+ T cell help. Thus, CD4+ T cell-
dependent signals are important to limit expression
of T-bet and allow for the development of CD103+
CD8+ Trm cells in the lung airways following respira-
tory infection.
INTRODUCTION
Influenza virus remains a significant public health threat and is
responsible for 200,000 hospitalizations and 3,000–49,000
deaths each year in the United States (Centers for Disease Con-
trol and Prevention, 2010; Thompson et al., 2003). While annual
influenza vaccines are capable of protecting against seasonal
virus strains, they offer little resistance upon the emergence of
a novel influenza strain such as H5N1 or H7N9 (Epstein and
Price, 2010). CD8+ T cells can recognize internal, conserved
influenza epitopes and offer heterosubtypic influenza virus pro-
tection (Kreijtz et al., 2007; Ulmer et al., 1998). Lung-resident
CD8+ T cells, in particular, are indispensable for the generation
of heterosubtypic protection (Wu et al., 2014). Therefore, a vac-cine capable of inducing lung-resident memory CD8+ T cells
offers the potential to generate potent heterosubtypic influenza
virus protection, and for these reasons it is critical to understand
the signals that dictate their formation and residence in the lungs.
During an immune response, effector T cells are licensed to
migrate to nonlymphoid tissue (NLT) in a process dependent
on chemokine receptor expression and the production of che-
mokines at the site of infection (von Andrian and Mackay,
2000). Whereas many of these effector cells lose their ability
to reside in NLT upon the cessation of inflammatory signals,
a subset of T cells lodge in the tissue and survive long term
without returning to circulation (Masopust et al., 2001). These tis-
sue-resident memory T (Trm) cells are characterized by their
expression of CD69, an inhibitor of sphingosine-1-phosphate re-
ceptor-1 (S1PR1) function, and in some cases, the integrin aEb7
(CD103) (Casey et al., 2012; Gebhardt et al., 2009; Hofmann and
Pircher, 2011; Shiow et al., 2006). Trm cells have been identified
in a variety of tissues and act as sentinels to provide immediate
protection upon local secondary infection through direct effector
function and the recruitment of circulating memory T cells (Sa-
thaliyawala et al., 2013; Schenkel et al., 2013; Shin and Iwasaki,
2012; Wu et al., 2014). Recent work has identified interleukin-15
(IL-15) and transforming growth factor b (TGF-b) (Mackay et al.,
2013; Zhang and Bevan, 2013), as well as downregulation of
Kru¨ppel-like Factor 2 (KLF2) expression (Skon et al., 2013) as
being important in their formation. Despite this progress, much
remains unclear about the exact mechanism by which T cells
are exposed to the signals necessary for their differentiation
into protective Trm cells.
CD4+ T cells are important for the formation of functional
memory CD8+ T cells during infection and vaccination (Sun
and Bevan, 2003). The former are critical for CD8+ T cell priming
through licensing of dendritic cells and the generation of a che-
mokine gradient within the draining lymph node (Castellino
et al., 2006; Kumamoto et al., 2011). Intriguingly, CD4+ T cells
are required for the migration of effector CD8+ T cells into the fe-
male reproductive tract, but not the skin, following viral infection
(Jiang et al., 2012; Nakanishi et al., 2009). They are also not
required for a robust primary influenza-specific CD8+ T cell
response in the lung airways, although the maintenance andImmunity 41, 633–645, October 16, 2014 ª2014 Elsevier Inc. 633
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Figure 1. Intravascular Staining Allows for Identification of Resident and Circulating Influenza-Specific Memory CD8+ T Cell Populations
Analysis of the NP366
+ T cell response 40 days after X31-GP33 infection. Mice were intravenously (i.v.) injected with CD8b antibody prior to sacrifice to distinguish
tissue parenchyma versus vascular-associated influenza-specific CD8+ T cells.
(A) Representative plots of the NP366
+ T cells in the CD8+ T cell population and the CD8b+ T cells in the NP366
+ T cell population.
(B) Representative histograms of CD103, CD69, KLRG1, Ly6C, CD62L, CD127, CXCR3, T-bet, and GzmB expression in CD8b+ (gray filled) and
CD8b (black) NP366+ T cells. Representative of four independent experiments with four or five mice per group carried out 30–60 days following X31-GP33
infection.
Immunity
CD4+ T Cell Help Important for Lung Trm Formationrecall response of memory CD8+ T cells are impaired in the
absence of CD4+ T cells (Ballesteros-Tato et al., 2013; Belz
et al., 2002). In this study, we shed new light on how CD4+
T cells promote CD8+ T cell immunity to influenza by demon-
strating a critical role for CD4+ T cells in the formation of lung-
resident CD103+ CD8+ Trm cells that localize to the airway
epithelium. In the absence of CD4+ T cell help, antiviral CD8+
T cells failed to properly express CD103 and to localize to the
lung airways, and were impaired in their ability to mediate pro-
tection upon influenza virus rechallenge.
RESULTS
Lung Resident Memory CD8+ T Cells Form after
Influenza Virus Infection
To study the formation of lung CD8+ Trm cells, mice were in-
fected with a recombinant strain of the H3N2 influenza virus in
which the GP33–41 epitope from lymphocytic choriomeningitis
virus (LCMV) was inserted into the NA stalk region (X31-GP33).
X31-GP33 infection induces three immunodominant CD8+
T cell populations (DbNP366, DbGP33, and PA224) that can be
tracked using MHC class I tetramers. At memory time points
(day 30–60 postinfection [p.i.]), mice were injected intravascu-
larly with CD8b-PE antibody and sacrificed 5 min later to distin-
guish between lung-localized and blood-borne cells (Anderson
et al., 2012). Using this technique, a population of polyclonal
influenza NP366-specific CD8
+ T cells within the blood circulation
and accordingly CD8b+ were identified, as well as a population of
cells that were protected from in vivo labeling and were CD8b
(Figure 1A). In line with previous studies, we found that the influ-
enza-specific CD8b cells (Trm cells) had enhanced expression634 Immunity 41, 633–645, October 16, 2014 ª2014 Elsevier Inc.of CD103 and CD69, as well as reduced expression of KLRG1,
Ly6C, and CD62L relative to CD8b+ circulating cells (Tcirc)
(Mackay et al., 2013; Wakim et al., 2012). Additionally, CD8+
Trm cells displayed increased CXCR3 expression and reduced
expression of CD127, T-bet, and granzyme B compared to their
circulating counterparts (Figure 1B). These data showed that
lung Trm and Tcircmemory cells are phenotypically and anatom-
ically distinct and provided resolution for dissecting the signals
that regulate the formation and function of these different mem-
ory T cell subsets.
CD4+ T Cell Help Is Important for the Formation of
CD103hi CD8+ Trm Cells
While CD4+ T cell help is important for the generation of func-
tional CD8+ T cell memory (Sun and Bevan, 2003) following acute
infection, little is known about its role in the differentiation and
survival of CD8+ Trm cells. To investigate whether CD4+ T cell
help was important for the formation of CD8+ Trm cells following
influenza infection, we treatedmice with CD4-depleting antibody
(GK1.5) or PBS 1 day prior to, and at the time of, X31-GP33 infec-
tion to transiently deplete CD4+ T cells. This approach allows
CD4+ recent thymic emigrants to repopulate the CD4+ T cell
compartment approximately 2weeks followingGK1.5 treatment,
thus creating a situation in which the role of CD4+ T cell help in
the formation of CD8+ Trm cells can be determined without the
additional complication of long-term CD4+ T cell loss. At effector
(day 8 p.i.) and memory (day 30 p.i.) time points, the two groups
of mice were intravascularly injected with anti-CD8b prior to sac-
rifice and the CD8+ T cell response to the immunodominant
NP366–374 epitope was compared. At day 8 p.i., there was a
modest reduction in the amount of CD103 expressed on the cells
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Figure 2. CD4+ T Cell Help Is Critical for the Formation of CD103hi CD8+ Trm Cells
Analysis of the NP366
+ T cell response 40 days after X31-GP33 infection in PBS (helped) and GK1.5 (unhelped) treatedmice. Analysis of the NP366
+ T cell response
40 days after X31-GP33 infection.
(A) Percentage and (B) numbers of NP366
+ T cells and resident and circulating NP366
+ T cells. Intravenously administered anti-CD8b antibody was used to
distinguish NP366
+ T cells in tissue parenchyma versus vascular associated.
(C) Percentages of NP366
+ cells, which are CD103+, CD69+, and CXCR3+.
(D) CD103 and CD69 expression in NP366
+ CD8b T cells and CXCR3 expression in NP366
+ CD8b+ T cells in helped (black) and unhelped (gray filled) mice.
Representative of four independent experiments with four or five mice per group carried out 30–60 days following X31-GP33 infection. Statistical analyses were
performed using Prism GraphPad software v6.0. (*p < 0.05; **p < 0.01; ***p < 0.001). See also Figure S1.
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CD4+ T Cell Help Important for Lung Trm Formationin the lung parenchyma (CD8b cells) (Figure S1A-D). At memory
time points (day 30–60 p.i.), both the frequency and number of
NP366
+ CD8 T cells in the lung, or more specifically in the lung
parenchyma (CD8b cells), were similar between the two groups
of mice (Figures 2A and 2B). However, there was a marked
decrease in the percentage of CD103+ as well as CD69+ and
CXCR3+ NP366
+ CD8+ T cells that formed in the absence of
CD4+ T cell help (Figure 2C). The decline in CD103 expression
on the unhelped memory CD8 T cells became even more
apparent when the CD8b NP366
+ cells in the lung parenchyma
were examined directly (Figure 2D). There also was a global
impairment in the ability of circulating CD8b+ NP366
+ T cells to
upregulate CXCR3 (Figure 2D). Thus, while CD4+ T cells were
not required for the expansion or migration of memory CD8+
T cells into the lung parenchyma, they were necessary for proper
CD103, and to a lesser extent CD69, expression on these cells
within this tissue.
As CD4+ T cell depleted mice displayed delayed viral clear-
ance, we next asked whether this defect contributed to the
impairment in CD103 expression on CD8+ T cells in the lung (Fig-
ure S1E). To address this question, we administered sera from
X31-GP33 immune animals to PBS (helped)- and GK1.5 (un-
helped)-treated mice at day 6 p.i., sufficient to mediate viral con-
trol within 24 hr of treatment (Laidlaw et al., 2013). Recipient
mice were sacrificed 30 days following X31-GP33 infection
and this showed that the CD103 expression was reduced on
the virus-specific CD8+ T cells from both groups of CD4+
T cell-depleted mice, those treated with sera from X31-immune
animals, and those treated with sera from naive animals (Fig-
ure S1F). Thus, delayed viral clearance did not appear to account
for the impaired CD103 expression on unhelped CD8+ Trm cells.CD4+ T Cells Are Critical for the Localization of
Influenza-Specific TrmCD8+ T Cells to the Lung Airways
We next determined the location of influenza-specific CD8+
T cells in the lung in the absence of CD4+ T cell help. Previous
work in humans and mice has found that CD8+ T cells become
embedded in the airway epithelium following influenza infec-
tion, where they are ideally localized to respond to future re-
challenge (Piet et al., 2011; Wu et al., 2014). CD103 is critical
for this process as it binds to E-cadherin and increases adher-
ence to epithelial cells (Lee et al., 2011), suggesting that un-
helped CD8+ T cells might be impaired in their ability to localize
to and be maintained in the lung airways due to reduced
expression of this integrin. To examine this question, we trans-
ferred Thy1.1+ P14 CD8+ T cells into control mice or those
depleted of CD4 T cells and subsequently infected with X31-
GP33. P14 CD8+ T cells, which recognize the GP33–41 epitope,
recapitulated the endogenous system, and showed that un-
helped mice have a significant impairment in their ability to up-
regulate CD103 following X31-GP33 infection (Figure S2). At a
memory time point (day 45 p.i.), we used confocal microscopy
to analyze the distribution of GP33+ memory CD8+ T cells by
staining fixed lung sections with anti-Thy1.1 and anti-EpCAM
to identify the transferred P14 Thy1.1+ T cells and airway
epithelial cells, respectively (Figure 3A). At this time point,
80%–90% of the P14 Thy1.1+ T cells in the lungs were con-
tained within the lung parenchyma based on intravascular
staining (Figure S2). Using IMARIS software, the position of
each P14 Thy1.1+ T cell in relationship to the EpCAM+ airway
epithelial cells was determined. The percentage of P14
Thy1.1+ T cells in contact with airway epithelial cells was then
compared between helped and unhelped samples. Similar toImmunity 41, 633–645, October 16, 2014 ª2014 Elsevier Inc. 635
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Figure 3. CD4+ T Cell Help Is Important for
the Localization of Influenza-Specific Mem-
ory CD8+ T Cells to Lung Airway Epithelium
Analysis of the localization of P14 GP33 + T cells
45 days after X31-GP33 infection in PBS (helped)
andGK1.5 (unhelped) treatedmice. 50,000 Thy1.1+
P14 GP33+ T cells were transferred to each mouse
1 day prior to X31-GP33 infection to facilitate
identification of influenza-specific CD8+ T cells.
(A) At a memory time point (day 45), the mice were
sacrificed and the lungs fixed and stained for
Thy1.1 (red) and EpCAM (airways, green) and
analyzed with confocal microscopy. Representa-
tive staining showing presence of Th1.1+ P14
GP33
+ T cells embedded in lung airways.
(B) Comparison of the total number of P14 GP33
+
T cells in each image and the percent of P14 GP33
+
T cells touching the lung airway between helped
(PBS treated) and unhelped (GK1.5 treated) mice.
Imaris suite was used for analysis of all images.
Representative of two independent experiments
with four or five mice per group carried out 30–
45 days following X31-GP33 infection. See also
Figure S2.
Immunity
CD4+ T Cell Help Important for Lung Trm Formationour previous findings (Figures 2A and 2B), the number of P14
Thy1.1+ T cells found within the lung were not different between
the two groups of mice. However, there was a significantly
decreased percentage of unhelped memory P14 Thy1.1+
T cells embedded in the airway epithelium compared to their
helped counterparts (Figure 3B). Thus, the reduced expression
of CD103 on unhelped memory CD8 T cells was associated
with a significant impairment in their ability to localize to the
airway epithelium.
UnhelpedCD8+ TrmCells Have ImpairedHeterosubtypic
Immunity
We next sought to investigate the ability of unhelped CD8+
T cells to mediate protection upon heterosubtypic rechallenge.
However, the inability of CD4+ T cell-depleted mice to form
anti-influenza antibodies compromises our ability to directly
compare protective immunity between GK1.5-treated and -un-
treated mice. To circumvent this issue, we performed experi-
ments in MD4 mice that have a transgenic B cell receptor
specific for hen egg lysozyme (Mason et al., 1992), and thus
are unable to form influenza-specific B cell responses (Laidlaw
et al., 2013). We infected PBS (helped) or GK1.5 (unhelped)
treated MD4 immunoglobulin transgenic mice with X31-GP33
to eliminate CD4 T cells at the time of CD8 T cell priming and
generate unhelped Trm CD8 T cells. However, then both groups
of mice were treated with GK1.5 antibody at day 14 p.i. to pre-
vent the formation of influenza-specific CD4+ memory T cells
and at day 30 p.i., they were challenged with a lethal dose of
the recombinant heterosubtypic H1N1 influenza PR8-GP33
virus. By eliminating both anti-influenza antibodies and CD4+
memory T cell cells, this approach allowed us to directly
compare the secondary responses of helped and unhelped
memory CD8 T cells to influenza. These experiments revealed
that mice containing helped memory CD8+ T cells were better
protected from heterosubtypic influenza infection than their un-
helped counterparts (Figure 4A). This protection was associated
with greater recruitment of virus-specific CD8+ T cells into the636 Immunity 41, 633–645, October 16, 2014 ª2014 Elsevier Inc.airways 4 days after secondary infection, as well as increased
expression of granzyme B (Figures 4B and 4C). Nonetheless,
GK1.5-treated mice still displayed lower viral titers compared
to unimmunized controls, demonstrating that unhelped CD8+
T cells were capable of mediating a degree of heterosubtypic
protection (Figure 4A).
Although these data showed that CD4+ T cell help was
important for the ability of CD8+ T cells to mediate heterosub-
typic protection, they did not indicate which CD8+ memory
T cell populations were responsible for the impaired protec-
tion. To address whether defective function of the unhelped
CD103dim CD8+ Trm cells or the unhelped CXCR3dim Tcirc
cells, or both, was responsible for the reduced recruitment of
secondary effector cells into the airways upon rechallenge,
we employed an adoptive transfer approach. MD4 X31-GP33
immune mice containing helped or unhelped influenza-specific
memory CD8+ T cells were created as described above and
served as recipients. One day prior to rechallenge, congenically
marked (Thy1.1+) Tcirc P14+ T cells isolated from the spleens of
X31-GP33-infected helped and unhelped mice were trans-
ferred in equal numbers into the recipient mice to create four
groups that contained (1) helped Trm and helped Tcirc, (2)
helped Trm and unhelped Tcirc, (3) unhelped Trm and helped
Tcirc, or (4) unhelped Trm and unhelped Tcirc. The four groups
were rechallenged with PR8-GP33 and the recruitment of the
donor 2 effector P14 CD8 T cells into the lung airways was as-
sessed 6 days after rechallenge. Compared to the control mice
(group 1), the numbers of donor P14 CD8 T cells recruited into
the airways were significantly reduced when either the circu-
lating (group 2) or resident (group 3) memory CD8 T cell popu-
lation lacked CD4+ T cell help, with the fewest number of cells
recruited in mice in which both the transferred and resident
populations were unhelped (group 4) (Figure 4D). Thus, CD4+
T cells are important for generating functional resident and
circulating memory CD8+ T cells capable of orchestrating
optimal protective recall responses to heterosubtypic influenza
virus challenge.
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Figure 4. Unhelped Influenza-Specific CD8+ T Cells Impaired in Ability to Mediate Heterosubtypic Protection
Analysis of the ability of helped and unhelped memory CD8+ T cells to mediate heterosubtypic protection. To directly compare the ability of helped and unhelped
CD8+ T cells to mediate heterosubtypic protection, PBS (helped)- and GK1.5 (unhelped)-treated MD4 mice were infected with X31-GP33. Two weeks later, both
groups were treated with GK1.5 to create both helped and unhelped mice that do not have influenza-specific CD4+ T or B cells. Both groups were then
rechallenged with the heterosubtypic influenza virus PR8-GP33, alongside that of naive mice as unimmunized controls at day 30 p.
(A) Viral load at day 2 after PR8-GP33 rechallenge.
(B) Number of P14 GP33+ T cells in lung airway at day 4 after PR8-GP33 infection.
(C) MFI of granzyme B expression of lung P14 GP33+ T cells at day 4 after PR8-GP33 infection. Representative of four independent experiments with three to five
mice per group.
(D) Helped and unhelped MD4 mice were generated as described above. At a memory time point (day 30), P14 GP33+ T cells were isolated from the spleens of
helped and unhelped X31-GP33 immune mice and equal numbers of congenically marked cells transferred in to helped or unhelped MD4 mice. The next day all
recipients were challenged with PR8-GP33 and the number of the transferred P14 GP33+ found in the lung airways 6 days later determined. Representative of
three independent experiments with three to five mice per group.
Immunity
CD4+ T Cell Help Important for Lung Trm FormationCD4+ T Cell-Mediated Control of CD103+ CD8+ Trm Cell
Development Is Interferon-g-Dependent
We next delineated when CD4+ T cell help was required for
generation of lung CD103+ CD8+ Trm cells following influenza
infection. Mice were treated with GK1.5 at days 0, 3, or 7 after
X31-GP33 infection and the memory CD8+ T cells were exam-
ined 30 days later. Mice depleted of CD4+ T cells at the time of
infection or 3 days p.i. had a similar reduction in CD103 expres-
sion in the influenza-specific CD8b cells. However, CD4+ T cell
depletion 7 days p.i. had no effect on CD103 expression (Fig-
ure 5A). Thus, CD4+ T cells are needed during the first week of
influenza infection to promote the formation of lung CD103+
CD8+ Trm cells.
To address whether CD4+ T cells might direct CD8+ T cell
migration to a tissue microenvironment promoting Trm forma-
tion, such as airway epithelia, we tracked the kinetics of CD4+
and CD8+ T cell entry into the airways early after viral challenge.
To enhance detection of virus-specific T cells, we transferred
congenically marked Thy1.1+ P14 CD8+ and Ly5.1+ Smarta
(Stg) CD4+ T cells, which recognize the LCMV GP61–80 epitope,
into mice that were subsequently infected with a recombinant
WSN-33/67 influenza virus strain that expresses both the
LCMV GP33–41 and GP67–77 epitopes (Marsolais et al., 2009).
Low, but similar frequencies of Stg and P14 T cells were presentat day 4 p.i.; however, by day 5 p.i., the frequency of Stg CD4+
T cells in the airways was much larger than that of the P14
CD8+ T cells (Figure 5B, 20% versus 5%, respectively). At
day 6 p.i., the frequency of P14 CD8+ T cells had increased to
that similar to the Stg T cells. These studies suggested that entry
of influenza-specific CD4+ T cells into the airways appeared to
precede that of CD8+ T cells by about 1 day.
It is possible that the early entry of CD4+ T cells into the airways
conditions the epithelia to recruit CD8+ T cells. For example,
prior work has shown CD4+ T cells are critical for controlling
the migration of effector CD8+ T cells into the female reproduc-
tive tract following herpes simplex virus infection, through the
secretion of IFN-g and the induction of local chemokines (Naka-
nishi et al., 2009). Therefore, we assessed whether IFN-g-pro-
ducing CD4+ T cells might be playing a similar role in the context
of influenza infection. To this end, chimeras were generated in
which wild-type (WT) or IFN-g-deficient bone marrow was
mixed with CD4+ T cell-deficient bone marrow and transferred
into irradiated CD4+ T cell-deficient mice (Figure 5C). This
created two groups, in which all CD4+ T cells did (WT:CD4+
T cell-deficient chimeras) or did not (IFN-g-deficient:CD4+
T cell-deficient chimeras) produce IFN-g. Following reconstitu-
tion, the WT:CD4+ T cell-deficient mice were treated with either
PBS or CD4-depleting mAb, and all groups were challenged withImmunity 41, 633–645, October 16, 2014 ª2014 Elsevier Inc. 637
A B
C D
Figure 5. CD4+ T Cell-Derived IFN-g Is Important for Formation of CD103hi CD8+ T Cells
(A) Analysis of the temporal requirements for CD4+ T cell help for the formation of CD103hi CD8+ Trm cells. Mice were treated with GK1.5 antibody at various time
points after X31-GP33 infection andCD103MFI in CD8bGP33+ T cells at day 45 after X31-GP33 infection was determined. Representative of three independent
experiments with four or five mice per group.
(B) 13 106 P14 GP33+ CD8+ T cells and 13 106 Smarta GP66+ CD4+ T cells were transferred to mice 1 day prior to WSN-GP33/67 infection and the kinetics of
influenza-specific CD4+ andCD8+ T cell entry into the lung airways determined. Representative of two independent experimentswith three to fourmice per group.
(C and D)WT:Cd4/ and Ifng/:Cd4/mixed bone-marrow chimeras were generated. Following reconstitution, theWT:Cd4/mice were treated with PBS or
GK1.5 and all groups infected with X31-GP33 and sacrificed at day 40.
(C) Percentages (top) and numbers (bottom) of NP366
+ T cells, and resident versus circulating NP366
+ T cells. Intravenous anti-CD8b antibody was used to
distinguish tissue parenchyma versus vascular-associated NP366
+ T cells.
(D) Representative plots of CD103+CD69+ NP366
+ T cells (top). Percentages of NP366
+ cells that are CD103+, CD69+, and CD103+CD69+ (bottom). Representative
of three independent experiments with four or five mice per group carried out 30–60 days following X31-GP33 infection. See also Figure S3.
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CD4+ T Cell Help Important for Lung Trm FormationX31-GP33. At a memory time point (45 days), the mice were
intravascularly labeled and sacrificed. Similar to our previous
findings (Figures 2A and 2B), we saw no statistically significant
differences in the percentage or number of the NP366-specific
CD8+ T cells or in the localization of these cells to the
blood (CD8b+) or lung parenchyma (CD8b) (Figure 5C).
However, there was a significant decrease in the percentage of
CD103+CD69+NP366
+ cells in the IFN-g-deficient CD4+ T cell-
deficient and the control CD4-depletedWT:CD4+ T cell-deficient
groups relative to the PBS-treated WT:CD4+ T cell-deficient
group (Figure 5D). These data showed that mice containing
IFN-g-deficient CD4+ T cells recapitulate the defective develop-
ment of CD103+ CD8+ Trm cells observed in CD4-depletedmice.
Polyclonal virus-specific CD8+ T cells lacking IFN-g receptor
(IFN-gR) expression displayed no defect in CD103 expression
following X31-GP33 infection, indicating the requirement for
CD4-derived IFN-g was CD8+ T cell extrinsic (data not shown).
Moreover, both helped and unhelped GP33
+ T cells isolated
from the mediastinal lymph nodes (MLN) on day 5 after X31-
GP33 infection could upregulate CD103 after overnight stimula-638 Immunity 41, 633–645, October 16, 2014 ª2014 Elsevier Inc.tion with TGF-b (Figures S3A and S3B). This result suggested
that unhelped CD8+ T cells are capable of expressing high
amounts of CD103 after their exit from the MLN and that the
impaired CD103 expression on unhelped cells might stem from
inadequate exposure to tissue-dependent signals in the lung.
But interestingly, there was no global defect in TGF-b or chemo-
kine production in the lung airways in X31-GP33 infected CD4+
T cell-depleted mice (Figure S3C). Altogether, these data sug-
gest that CD4+ T cells direct the localization of CD8+ T cells to
the airways through fine-tuning of the surrounding chemokine
gradient, rather than gross chemokine production, thereby regu-
lating the degree of exposure to signals, such as TGF-b, that
induce CD103 expression.
Unhelped CD8+ Trm Cells Display Enhanced T-bet
Expression
CD4+ T cells can regulate the inflammatory environment, leading
to differences in the transcriptional profile of CD8+ T cells (Cas-
tellino et al., 2006; Intlekofer et al., 2007). Therefore, we sought to
evaluate the transcriptional mechanism by which CD4+ T cells
Immunity
CD4+ T Cell Help Important for Lung Trm Formationmight regulate the formation of CD8+ Trm cells. Amajor regulator
of effector CD8+ T cell fates is T-bet, which operates in a graded
manner to promote differentiation of memory precursor cells
when expressed at lower amounts and terminal effector cells
when higher (Joshi et al., 2007; Takemoto et al., 2006). T-bet
was differentially expressed in influenza-specific memory CD8+
T cells, with Trm CD8+ T cells having less expression relative
to Tcirc memory CD8+ T cells at day 8 p.i. and at memory time
points (day 30–60) (Figures 1 and S4A). Furthermore, unhelped
NP366-specific effector and memory CD8
+ T cells in the lung
(CD8b) expressed more T-bet at days 8 and 30 p.i. than their
helped counterparts (Figures 6A and 6B). These data suggest
that lower amounts of T-bet might promote the formation of
CD103+ Trm cells in the lung, whereas higher concentrations
promote Tcirc memory cell formation.
T-bet Overexpression Impairs Trm Formation through
Modulation of TGF-b Responsiveness
To investigate the importance of T-bet in Trm formation, we next
evaluated the formation of CD103+ Trm cells following overex-
pression of this transcription factor. P14+ cells were activated
in vitro, transduced with a T-bet-expressing or an empty retro-
viral vector, and transferred into mice infected 1 day prior with
X31-GP33. The recipient mice were allowed to rest until a mem-
ory time point (day 30) when they were intravascularly labeled
with CD8b mAb and sacrificed. T-bet overexpression caused
a significant increase in the percentage of circulating (CD8b+)
GP33-specific cells in the vasculature, accompanied by a
corresponding decrease in the percentage of CD8b Trm cells
(Figure 6C). We also observed an impairment in the ability
of GP33-specific CD8 T cells to upregulate CD103 upon T-bet
overexpression, even in the CD8b cell population (Figure 6D,
lower panels). Furthermore, CXCR3 expression, especially
in the Tcirc (CD8b+) memory CD8+ T cells, was significantly
reduced by T-bet overexpression, in line with previous findings
(Slu¨tter et al., 2013a) (Figure 6D, lower panels). Similar to our
observation in unhelped memory CD8+ T cells (Figure 2D),
T-bet overexpression had only a minimal effect on CD69 expres-
sion. Thus, T-bet appears to play a critical role in regulating the
ability of CD8+ T cells to upregulate CD103 and become resident
in the lung.
We next tested whether T-bet-mediated repression of CD103
was due to its effects on the migration of CD8+ T cells, and
hence their exposure to the surrounding inflammatory milieu,
or whether T-bet could directly inhibit CD103 upregulation in
response to TGF-b signaling. To examine this question, we
transduced activated P14+ cells with a T-bet-expressing or
empty control retroviral vector, and then cultured with TGF-b
or left untreated. Relative to the cells transduced with the empty
vector, those overexpressing T-bet displayed a modest reduc-
tion in CD103 expression even without the addition of TGF-b
(Figure 6E, left plots). TGF-b induced CD103 upregulation in
the empty vector-transduced P14+ CD8 T cells, in a Smad3-
dependent manner (Mokrani et al., 2014, data not shown); how-
ever, this upregulation was abrogated in cells overexpressing
T-bet (Figure 6E, right plots). T-bet overexpressing cells dis-
played no defect in pSmad2 and pSmad3 induction following
TGF-b stimulation, indicating there was no effect on TGF-b
receptor activation (Figure 6F). Together, these results indicatedthat T-bet repressed TGF-b-mediated induction of CD103 in
antigen-specific CD8+ T cells.
T-bet can directly bind to the Itgae (CD103) locus in the first
intron in CD4+ T cells (Nakayamada et al., 2011). Therefore, we
assessed whether it can also bind to Itgae in virus-specific
CD8+ T cells by isolating P14+ effectors from day 8 after
LCMV-Armstrong infection, which induces a large quantity of vi-
rus-specific CD8+ T cells with robust T-bet expression (Joshi
et al., 2007). Chromatin immunoprecipitation (ChIP) using anti-
bodies to T-bet was performed on these cells followed by
qPCR. This demonstrated enrichment in T-bet binding in the first
intron of Itgae, at the same site bound in CD4+ T cells (Figure 6G).
Controls showed no enrichment for T-bet binding at this site in
T-bet-deficient P14 effector cells or at the 30 untranslated region
(UTR) of Il7ra, a site at which this factor does not bind (Figure 6G).
These data indicated that T-bet could bind to Itgae in virus-spe-
cific CD8+ T cells and intriguingly, computational analysis indi-
cated that there is a putative Smad3 binding site overlapping
the T-bet binding site. Together with the T-bet overexpression
data in Figure 6E, this suggests that T-bet likely interferes with
pSmad2 and pSmad3 transcriptional activation of Itgae down-
stream of TGF-b signaling, possibly through direct competition
for binding.
Because TGF-b is capable of suppressing T-bet expression in
CD4+ T cells (Gorelik et al., 2002), it is possible that this also oc-
curs in CD8+ T cells. To test this hypothesis, P14+ CD8+ T cells
lacking TGF-b receptor II (TGFbRII) were generated by inter-
crossing Tgfbr2f/f Lck-Cre and P14 mice. Then P14+ Tgfbr2f/f
Lck-Cre+ or Tgfbr2f/f Lck-Cre (littermate controls) CD8+ T cells
were transferred to mice 1 day prior to infection with X31-
GP33. At day 15 p.i., these mice were intravascularly injected
with CD8b-PE mAb and the CD8 T cells were analyzed for
CD103 and T-bet expression. As expected, Tgfbr2f/f Lck-Cre+
P14+ cells were unable to express CD103 following infection
and displayed a profound reduction in the percentage of
Trm cells (Figures S4B and S4C). Additionally, the Tgfbr2f/f
Lck-Cre+ P14+ cells displayed a significant increase in T-bet
expression (Figures S4D and S4E). These data demonstrate a
dual function for TGF-b in both inducing CD103 and suppressing
T-bet expression in virus-specific CD8+ T cells.
Genetic Reduction of T-bet Is Sufficient to Rescue
CD103 Expression in Unhelped Trm Cells
Given that unhelped CD8+ Trm cells expressed more T-bet than
helped cells and that its overexpression could repress that of
CD103 downstream of TGF-b, we next determined whether
genetic reduction of T-bet expression could restore CD103
expression in unhelped Trm cells. Tbx21+/+ or Tbx21+/ P14+
CD8+ T cells were transferred into mice that were treated with
a CD4-depleting mAb or PBS 1 day prior to infection with X31-
GP33. At a memory time point (day 40 p.i.), the mice were intra-
vascularly injected with CD8b mAb and sacrificed. This showed
that reducing T-bet by one-half significantly decreased the per-
centage of CD8b+ circulating cells and, conversely, increased
the percentage of CD8b Trm cells in both the helped and un-
helped Tbx21+/ P14 GP33-specific CD8 T populations (Figures
7A and 7B). Furthermore, there was a marked increase in
CD103 expression in both the helped and unhelped Tbx21+/
GP33-specific CD8 Trm cells with CD103 expression onImmunity 41, 633–645, October 16, 2014 ª2014 Elsevier Inc. 639
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Figure 6. T-bet Suppresses Formation of Trm Cells and Is Capable of Directly Binding to Itgae Locus
(A and B) Analysis of T-bet expression in NP366
+ CD8b T cells in PBS (helped) and GK1.5 (unhelped) treated mice. (A) Representative histogram of T-bet
expression and MFI at day 8 after X31-GP33 infection in helped and unhelped mice.
(B) Representative histogram of T-bet expression and MFI at day 45 after X31-GP33 infection in helped and unhelped mice. (C and D) P14 GP33+ T cells were
transduced with T-bet overexpressing or an empty vector and transferred to mice infected with X31-GP33 the prior day. Mice were sacrificed 30 days after
X31-GP33 infection.
(C) Representative plot (top) and percentage (bottom) of resident versus circulating transduced (GFP+) T cells. Intravenous anti-CD8b antibody was used to
distinguish tissue parenchyma- versus vascular-associated GFP+ T cells.
(legend continued on next page)
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CD4+ T Cell Help Important for Lung Trm Formationunhelped Tbx21+/ Trm cells being restored to expression com-
parable to wild-type Trm cells (Figures 7C and 7D). The Tbx21+/
P14+ CD8+ T cells also displayed a modest but significant in-
crease in the percentage of CD69+ andCXCR3+ cells (Figure 7C).
These results showed that enhanced T-bet expression in the un-
helped Trm cells contributes to their impaired CD103 expres-
sion, and likely airway localization. They also indicated that
T-bet acts like a rheostat to control the differentiation of resident
or circulating memory CD8 T cells following respiratory viral
infection.
DISCUSSION
It is becoming increasingly appreciated that Trm cells are
essential in providing protection against mucosal infection (Cau-
ley and Lefranc¸ois, 2013). Our study has demonstrated that
CD4+ T cells play an important role in the formation of protective
CD8+ Trm and Tcirc cells following influenza infection. In the
absence of CD4+ T cell help, CD8+ Trm cells have reduced
CD103 expression and are impaired in their ability to properly
embed within the airways, with CD8+ Tcirc cells displaying
reduced CXCR3 expression. Upon rechallenge, unhelped
CD8+ T cells have an impaired ability to upregulate granzyme
B and are compromised in their migration to the lung airways,
due to defects in both the Trm and Tcirc populations, leading
to suboptimal heterosubtypic protection. Our data suggest
that CD4+ T cells act through an IFN-g-dependent mechanism
to elicit signals necessary for the migration and airway retention
of CD103+ CD8+ T cells. These findings are consistent with
previous reports regarding the role of CD4+ T cells in the female
reproductive tract following HSV infection (Nakanishi et al.,
2009), and together these studies illustrate a critical role for
CD4+ T cells in directing effector CD8+ T cell migration into a
tissue microenvironment where they are poised to mediate pro-
tection upon recall.
Our findings also reveal a role for T-bet in regulating the forma-
tion of CD8+ Trm cells. In the absence of CD4+ T cell help, we
found that CD8+ T cells have enhanced T-bet expression, similar
to what has been reported following LCMV Armstrong infection
(Intlekofer et al., 2007). Our work suggests that graded expres-
sion of T-bet might act as a rheostat regulating Trm versus Tcirc
cell development and is in agreement with the finding that Trm
cells develop from KLRG1lo memory precursor cells (Mackay
et al., 2013), whose formation is also promoted by low T-bet
expression (Joshi et al., 2007). Our work also shows that
CD103 expression is sensitive to the amount of T-bet protein
or activity. T-bet directly binds to intron 1 in the Itgae (CD103)(D) Percentage of GFP+ cells which are CD103+, CD69+, and CXCR3+ (top). CD10
CD8b+ T cells in empty vector control (black) and T-bet overexpressing (gray filled
five mice per group.
(E) Representative histogram of CD103 expression in empty (black) or T-bet ove
Representative of three independent in vitro culture experiments.
(F) Representative histogram of pSmad2/3 expression in empty (black) or T-bet ov
of TGF-b. Representative of three independent in vitro culture experiments.
(G) Determination of the ability of T-bet to bind to Itgae locus in CD8+ T cells at a s
were isolated at day 8 following LCMV Armstrong infection and ChIP PCR was p
Binding of T-bet to the CD127 30 UTR and binding of T-bet in intron 1 of the
Representative of three independent experiments with five to ten pooled mice plocus, which also contains a Smad3-binding site in virus-specific
CD8+ T cells. Smad3 is required for TGF-b-mediated induction of
CD103, suggesting potential mechanisms by which T-bet might
repress Itgae transcription by competing with Smad3 binding,
directly interacting with Smad3 to prevent its transcriptional
activity, or through the recruitment of other transcriptional re-
pressors to the locus. It will be imperative for future work to
distinguish between these possibilities and examine whether
T-bet controls Trm cell formation in other mucosal sites.
CD69 is necessary for Trm cells to reside in mucosal tissues
(Lee et al., 2011; Mackay et al., 2013) including the lung, and
as CD8+ T cells extravasate from blood to NLTs, downregulation
of the transcription factor KLF2 and its target geneS1pr1 occurs,
allowing for increased expression of CD69 (Casey et al., 2012;
Lee et al., 2011; Skon et al., 2013). However, we found that
T-bet plays a minimal role in regulating the expression of
CD69. These data suggest a two-step model for Trm cell forma-
tion in which the downregulation of KLF2 and T-bet represent
distinct stages in the developmental pathway. Downregulation
of KLF2 through a PI(3)K and Akt kinase-dependent process
might be required for the initial migration of activated CD8+
T cells into the mucosal site. Subsequent exposure to pro- and
anti-inflammatory signals within the tissue might then fine-tune
T-bet expression, with TGF-b inducing CD103 within the T-betlo
CD8+ T cells and anchoring them in the tissue.
Following influenza infection, both resident and circulating
memory CD8+ T cells have been suggested to be essential for
early viral control upon rechallenge (Slu¨tter et al., 2013a; Wu
et al., 2014). Memory CD4+ Trm and Tcirc cells are also capable
of mediating heterosubtypic protection (McKinstry et al., 2012;
Teijaro et al., 2011). Our work extends these findings to show
that CD4+ T cell help is critical for the formation of protective
influenza-specific CD8+ Trm and Tcirc cells. Trm cells guard
the site of infection through direct effector function as well as
through the induction of local chemokines that allow for the
recruitment of Tcirc cells (Schenkel et al., 2013; Wu et al.,
2014). Tcirc cells are important upon recall in allowing for early
control of virus in the airways with high expression of CXCR3
important for entry into the airways (Kohlmeier et al., 2008; Slu¨t-
ter et al., 2013a). The respective contributions of these popula-
tions to protection upon rechallenge is currently unclear and it
will be imperative for future work to parse apart the relative
importance of these subsets, as well as whether CD4+ T cell
help acts disproportionately on one of these populations to allow
for optimal heterosubtypic immunity. Neutralizing antibodies
targeting conserved regions of the influenza virus also can
contribute to heterosubtypic protection following influenza virus3 and CD69 expression in GFP+ CD8b T cells and CXCR3 expression in GFP+
) cells (bottom). Representative of three independent experiments with four or
rexpressing (gray filled) cells upon skewing in absence or presence of TGF-b.
erexpressing (gray filled) cells following 1 hr culture in the absence or presence
ite in intron 1 in which T-bet is known to bind in CD4+ T cells. P14 GP33+ T cells
erformed to assess T-bet enrichment in intron 1 relative to an isotype control.
Itgae locus in T-bet/ P14 GP33+ T cells were used as negative controls.
er group. See also Figure S4.
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CD4+ T Cell Help Important for Lung Trm Formationrechallenge (Wrammert et al., 2011). Influenza-specific CD8+
T cells and cross-reactive antibodies cooperate to facilitate su-
perior heterosubtypic protection, with CD4+ T cells also medi-
ating improved protection in the presence of CD8+ T cells and/
or B cells (Carragher et al., 2008; Laidlaw et al., 2013; McKinstry
et al., 2012). Together, these findings suggest that simulta-
neously priming of multiple arms of the adaptive immune
response against the influenza virus is a potent approach toward
the generation of heterosubtypic immunity. The currently avail-
able live attenuated intranasal influenza vaccine Flumist is
capable of generating both an influenza-specific CD8+ and
CD4+ T cell responsewith its protective effect enhanced by rapid
boosting of the CD8+ T cell response (Slu¨tter et al., 2013b; Sun
et al., 2011). It is unclear whether Trm cells are induced by
Flumist vaccination or whether T cells so induced are capable
of persisting long-term in the lung. Flumist also does not
appear to induce cross-reactive antibodies (Sun et al., 2011).
Despite these limitations, it represents a promising platform to
build upon in order to reach the eventual goal of designing a
universal influenza vaccine that induces both Trm cells and hu-
moral immunity in the respiratory mucosa. Elucidation of the sig-
nals that promote Trm cell formation, such as those described
here and by others, will aide in the design of a potentially more
efficacious vaccine for influenza.
EXPERIMENTAL PROCEDURES
See the Supplemental Information for details.
Mice
C57BL/6 mice were purchased from the National Cancer Institute or The
Jackson Laboratory. Age- and sex-matched anti-HEL B cell receptor
(BCR)-transgenic C57BL/6-TgN (IghelMD4) mice (referred to as MD4) and
IFN-g/ mice were obtained from The Jackson Laboratory. CD4/ mice
were generated within our own colony. Thy1.1+ P14 CD8+ TCR transgenic
and Smarta CD4+ TCR transgenic (Stg) mice have been described previously
(Joshi et al., 2007). Tbx21/ mice were obtained from L. Glimcher (Weill
Cornell Medical College) and crossed to P14 transgenic mice. TGFbRIIf/f
Lck-Cre mice were a gift from M. Bevan (University of Washington). To
generate mice bearing LCMV-specific epitopes, we transferred splenocytes
from P14-donor mice normalized for 50,000 naive P14 CD8+ T cells (with ex-
pected engraftment of 10%; thus, 5,000 cells) into B6 mice by intravenous
(i.v.) injection. For experiments analyzing CD8+ T cells at early time points
(days 4–6) p.i., 1 3 106 naive Thy1.1+ P14 CD8+ TCR transgenic T cells
were transferred into B6 mice by i.v. injection. To assess the virus-specific
CD4+ T cell response at early time points post infection, 1 3 106 naive
Thy1.1+ Smarta CD4+ TCR transgenic T cells were similarly transferred. All
animal experiments were done with approval of the Yale Institutional Animal
Care and Use Committee.
Infections
For primary infections, mice were inoculated intransally (i.n.) with 0.8 3 105
TCID50 recombinant X31 influenza virus expressing the LCMV GP33–41Figure 7. Genetic Modulation of T-bet Rescues the Ability of Unhelped
50,000 Tbx21+/+ and Tbx21+/ P14 GP33+ T cells were transferred to mice treated
were sacrificed at day 40 postinfection.
(A) Representative plot of the percentage of resident versus circulating helped a
antibody was used to distinguish tissue parenchyma- versus vascular-associate
(B) The percentage of resident versus circulating helped and unhelped Tbx21+/+
(C) Percentage of P14 GP33+ cells that are CD103+, CD69+, and CXCR3+.
(D) MFI of CD103 and CD69 expression in P14 GP33+ CD8b T cells and CXCR3
with four or five mice per group carried out 30–60 days following X31-GP33 infeepitope (X31-GP33), 50 TCID50 recombinant WSN influenza virus expressing
the LCMV GP33–41 and GP67–77 epitopes (WSN-GP33/67), or 2 3 10
5 pfu
LCMV Armstrong administered intraperitoneally (i.p.). For rechallenge exper-
iments, mice were given 1,500 TCID50 recombinant PR8 influenza virus ex-
pressing the LCMV GP33 epitope (PR8-GP33) administered i.n. Prior to i.n.
infections, mice were anesthetized by i.p. injection of ketamine hydrochloride
and xylazine (Phoenix Scientific) in 0.2 ml Life Technologies HBSS (Invitro-
gen). Recombinant influenza strains containing the LCMV GP33–41 epitope in-
serted in the neuraminidase stalk region were obtained from Dr. Richard J.
Webby (St. Jude Children’s Research Hospital) and have been previously
described (Laidlaw et al., 2013). Recombinant influenza containing the
LCMV GP33–41 and GP67-77 epitopes inserted in the neuraminidase stalk re-
gion were obtained from Dr. Michael Oldstone (Sripps Research Institute)
and have been previously described (Marsolais et al., 2009). These viruses
were propagated in eggs and stored at 80C. The replication and pathoge-
nicity of these recombinant X31 and PR8 strains were not substantially
different from their nonrecombinant counterparts (data not shown). Viral
titers were determined by plaque assay on Vero cell monolayers (for
LCMV) or on Madin-Darby canine kidney cell monolayers (for X31-GP33
and PR8-GP33).
CD4+ T Cell Depletion and Intravascular CD8+ T Cell Staining
For systemic depletion of CD4+ T cells, mice were treated i.p. with rat mAb
GK1.5 (0.25mg/injection) at day 1 and 0 prior to infection unless otherwise
indicated. Depletion was verified by flow cytometric analysis. For intravascular
staining of CD8+ T cells, mice were injected with 3 mg of CD8b-PE antibody
(BioLegend) diluted in 300 ml of sterile DPBS (Life Technologies) as previously
described (Anderson et al., 2012). Mice were the sacrificed 5 min after
injection.
Statistical Analysis
Results represent the mean ± SEM unless indicated otherwise. Statistical sig-
nificance was determined by the paired or unpaired Student’s t test. Statistical
analyses were performed with Prism GraphPad software v6.0 (*p < 0.05; **p <
0.01; ***p < 0.001).
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Supplemental Information includes seven figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.doi.
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